Abstract Several reviews recently explored how the gut microbiota was able to control host energy metabolism, and thereby the development of adiposity. In this review, we focused on the state of the art that supports a link between the gut microbiota composition and activity, and the management of glycemia associated with overweight and diabetes. Several microbial-derived compounds are related to disturbances of glucose homeostasis including the gramnegative-derived lipopolysaccharides. Some nutrients with prebiotic properties, which escape the digestion in the upper part of the gut, modify the composition of the gut microbiota in favor of bacteria that could play a beneficial role on glucose homeostasis, namely by modulating the endocrine function of the gut, and by reinforcing the gut barrier. Adequate intervention studies in diabetic patients are required to assess the relevance of those experimental data for human health.
Introduction
The gut microbiota, composed of hundreds of billions of bacteria, plays an important role in maintaining key physiologic functions for the "host," by interacting with nondigestible food components, on the one hand, and with human cells, not only in the intestine itself, but also at a distance [1-3•] . Interestingly, DNA fingerprinting approaches performed in mice revealed that the genetic background-more than the gender itself-impacts the composition of the gut microbiota [4] . Experimental data collected in several recent reviews explored how the gut microbiota was able to control host energy metabolism, and thereby the development of adiposity [5] [6] [7] . In the studies published initially by Backhed et al. [7, 8] , germ-free mice, compared with conventionally raised mice (bearing the gut microbiota), are protected against high-fat diet-induced obesity, but also against associated metabolic disorders, including glucose intolerance [9] . Rabot et al. [10] recently confirmed that the germ-free mice excrete more lipids, consume less calories, and have a lower body weight than the conventional animals. They also show enhanced insulin sensitivity, reduced fasting and nonfasting insulinemia, and increased phospho-Akt in adipose tissue, which are all signs of an improvement of glucose homeostasis. Apparently, the "resistance" of the germ-free mice toward a highfat diet does not occur in all cases, and is dependent on the composition of the diet, thereby suggesting that it is rather the interaction between the gut microbes and the nutrients than the presence of the gut microbiota, that could drive the development of obesity and related diseases [11] .
Intervention studies in germ-free mice also support the idea that changes in gut microbiota may be involved in the pathogenesis of the obese and diabetic phenotype. For example, transfer of gut microbes isolated from toll-like receptor (TLR) 5-deficient mice (mice lacking an important component of the innate immune system that develop the features of the metabolic syndrome) to wild-type germ-free animals allow the transfer of the phenotype of the TLR5-deficient mice, including insulin resistance, the later effect being independent on any effect on food intake [12••] . Such data support the view that the gut microbiota, which composition is different in obese versus lean individuals, is an actor to consider in the management of fat mass development and obesity-related disorders, including diabetes. There are several open questions that will be discussed in the different sections of this paper. First, which components released by the gut microbiota could play a harmful or a beneficial role in the control of glycemia? Second, are there some bacteria that are positively or negatively associated with the occurrence of diabetes, and, if it is the case, how could they play a role in the development of the disease? Third, is it possible to suggest that the gut microbiota can be a target for the development of new drugs or in the evolution of nutritional advices in the control of diabetes and insulin resistance?
The Role of the Microbial-derived Compounds in the Control of Glucose Homeostasis
The impact of high-fat diet on metabolic disorders linked to gut microbiota proposes that some bacterial-related components (lipopolysaccharides [LPS]-the main component of the gram-negative bacterial membrane-) and TLRs are potential drivers of the occurrence of hyperglycemia and insulin resistance. An increase in LPS concentrations occurs in obese and diabetic animals, but also in humans [13] . In fact, the endotoxemia remains quite modest (the concentration of LPS is approximately doubled in obesity), but when reproduced by chronic injection of exogenous LPS, is able to reproduce the loss of insulin sensitivity present in the obese mice [14, 15] . Moreover, the CD14 knockout and TLR4 knockout animals are resistant to the high-fat diet-induced insulin resistance [15, 16] . Interestingly, a similar increase in LPS is observed in diabetic patients, the level of LPS being significantly associated with fasting insulin [17••] , [18] . There is also an association between the serum level of LPS-binding protein and the metabolic syndrome, including fasting plasma glucose [19] .
The endotoxemia induced by high-fat diet feeding is not likely to be due to any increase in gram-negative bacteria [20] , but might be linked to an increase in fat-induced LPS absorption, to an increase in gut permeability, or to a decrease in LPS catabolism. Endotoxemia correlates with fat intake in healthy men, thereby contributing to the increase in serum proinflammatory cytokines [21] [22] [23] . Alterations of the gut permeability occur in obese and diabetic mice, by a process involving dysfunctions of the tight junction proteins, and the activation of the intestinal endocannabinoid system [24, 25•] . The increase in the gut barrier permeability, shown in animals with an oral test with fluorescent-labeled dextran, significantly correlates with the level of LPS in the blood of obese and diabetic animals [24] . Diet-induced obesity-prone, but not diet-induced obesity-resistant, rats exhibit an increase in TLR4 activation associated with a decrease in intestinal alkaline phosphatase, thereby suggesting that a default in the process of LPS degradation by the intestinal alkaline phosphatase would also contribute to the endotoxemia associated with the metabolic disorders associated with obesity [26] . From those data-mostly issued from experimental work performed in animals, and therefore needing to be confirmed in humans-it seems relevant to think that the increase in circulating LPS-a "harmful" component of the gut microbiota-could be part of the inflammatory stress occurring upon obesity and diabetes, and that all the processes participating to the endotoxemia could constitute novel targets in the development of drug and nutrients in the management of the metabolic syndrome.
The gut microbiota can also modulate the glycemia by other processes. Some experimental data, comparing the metabolic behavior of germ-free and conventional animals, suggest that the gut microbiota could help the host to improve the digestion/absorption of ingested nutrients, namely by promoting intestinal monosaccharides absorption [7] . This could contribute to an increase in postprandial glycemia. However, the mechanism of this effect and the relevance in humans remains to be proven. Conversely, by ingesting nutrients that escape the digestion to the upper part of the gut, the host feeds gut microbes, which are able to ferment food components into short-chain fatty acids (SCFAs; acetate propionate, butyrate), which are absorbed in the lower gut, thereby harvesting energy. However, this process of "energy harvest" represents a minor part of potential energy recuperation in (over)fed animals.
Also, these SCFAs clearly contribute to the regulation of host energy metabolism. SCFAs are able to act as signaling molecules in host tissues, by linking selected G-proteincoupled receptors, GPR41 (also called free fatty acid receptor FFAR3) and GPR43 (FFAR2) [27] . Samuel et al. [28] demonstrated that GPR41−/− mice colonized with fermentative microbes (B. thetaiotaiomicron and M. smithii) did not gain fat mass at the same extent as wild-type littermates did. Other data have shown that SFCAs (acetate, propionate) may stimulate adipogenesis via GPR43 activation [29] . These results suggest that the SCFAs could play a harmful role in the context of obesity and related diseases. However, there are several arguments to propose that their production is rather helpful in the control of obesity and related diseases [30•] . For example, propionate has been shown to inhibit de novo fatty acid synthesis, and, even if it is a gluconeogenic precursor, it inhibits the hepatic gluconeogenesis from lactate in hepatocytes. It has also been shown to improve insulin sensitivity, to induce satiety, and to exert anti-inflammatory effects [30•] . Conversely, the administration of sodium butyrate is able to prevent or treat high-fat diet-induced insulin resistance in mice, by promoting energy expenditure and by regulating mitochondrial function in the skeletal muscle and in brown fat [31] . Finally, nondigestible carbohydrates, which are largely fermented in the colon, and which therefore produce large amounts of SCFAs, have been proposed to reduce glycemia and other disorders associated with obesity [32] .
Changes in Microbiota Composition Related to Diabetes and Insulin Resistance in Obese or Overweight Individuals
At this stage, one might think that the gut microbiota could play a harmful role in the context of obesity, because as a whole (conventional vs germ-free mice) it contributes to promote fat mass development. However, both observational and interventional studies in animals and in humans suggest that qualitative changes of the gut microbiota occur upon obesity, thereby wondering about the more "harmful" and more "beneficial" bacteria in this context. Eighty percent to 90% of the bacterial phylotypes are members of two phyla: the Bacteroidetes (eg, Bacteroides, Prevotella) and the Firmicutes (eg, Clostridium, Enterococcus, Lactobacillus, Ruminococcus), followed by the Actinobacteria (eg, Bifidobacterium) and the Proteobacteria (eg, Helicobacter, Escherichia).
The first original studies describing qualitative changes of the gut microbiota in obese individuals were published by Ley et al. [33] a few years ago. The same author has recently reviewed the data reporting the changes in the composition of the gut microbiota in obese versus lean individuals [5] . Changes in the proportion of the phyla (Bacteroidetes/Firmicutes) occur, but the decrease in this ratio, even if it was initially pointed out, is not necessarily confirmed in all studies [34, 35] . Studies performed in RELMβ knockout mice, which are resistant to fat-induced obesity, suggest that fat diet itself, and not the obese state, may account for the changes in microbiota composition [36] . Similar conclusions were issued from data relating the changes in the microbial composition and the energy harvesting capacity in ob/ob mice and high-fat diet-fed mice [37] . In addition, specific bacterial gender and species are related to body weight and fat mass. Staphylococcus aureus counting was lower in children who maintain a normal weight than in children becoming overweight several years later. The authors proposed that S. aureus may act as a trigger of low-grade inflammation [38] , which contributes to the development of obesity and associated metabolic diseases. In agreement with these last findings, Collado et al. [39] found, by analyzing body weight evolution in pregnant women, significantly higher numbers of Bacteroides group and of S. aureus in overweight compared with normal weight women. In animals, dietinduced and genetic obesity are characterized by changes in gut microbiota toward a decreased number of bifidobacteria [20] . Those bacteria have been shown to improve the mucosal barrier function, and thereby could play an antiinflammatory role [40] . The Bifidobacterium group is more represented in normal weight than in overweight women and also in women with lower weight gain over pregnancy [39] . Other studies also confirmed that the number of bifidobacteria is lower in obese than in lean individuals [41] . The composition of the gut microbiota in maternal colostrum, or in measured babies, suggest bifidobacteria count might be considered as an index of maintenance of healthy body weight [42••] , [43] . Recent reports suggest that the level of bifidobacteria is dependent on the dietary intake because weight loss after bariatric surgery is associated with reduced Bifidobacterium [44••],whereas decreased Bifidobacterium bifidum and Bifidobacterium breve counts and increased Bifidobacterium catenulatum are observed upon weight loss upon dietary intervention in adolescents [45] .
The relationship between the gut microbiota composition and diabetes has been analyzed from several angles. Larsen et al. [46••] analyzed, by microsequencing of the V4 region of the 16SrRNA gene, the gut microbiota composition of 36 adult males including 18 diabetic subjects. The proportion of the phylum Firmicutes was significantly reduced in the diabetic groups versus controls, and that the ratio of several phyla and/or groups (ratio Bacteroidetes/Firmicutes phyla and ratio Bacteroides-Prevotella/C. coccoides-E. rectale groups) correlated positively with fasting glycemia independent on any relationship with the body mass index [46••] . Wu et al. [47••] performed a molecular analysis (polymerase chain reaction and denaturating gel electrophoresis analysis of the 16 S rRNA genes) of the bacteria in the feces of 16 type 2 diabetic patients and 12 healthy individuals. They showed that the bacterial composition of diabetic group was different from that of the healthy group, the genus Bifidobacterium and Bacteroides vulgatus being less represented in the microbiota of the diabetic than nondiabetic group. The analysis of the diversity profile also suggests that the changes in the gut microbiota can be due to the diabetes status [47••] . Furet et al. [44••] analyzed the gut microbiota composition in 13 lean and 30 obese individuals including seven type 2 diabetic patients, the later being subjected to a Roux-en-Y gastric bypass. They found, interestingly, that Faecalibacterium prausnitzii species-which has been inversely related previously with inflammatory bowel disease and infection colitis-could also play a role in the low-grade inflammation associated with obesity. They observed that the proportion of F. prausnitzii was directly linked to the reduction of low-grade inflammation upon intervention in type 2 diabetic subjects, independently of calorie intake, and that there was a negative correlation between F. prausnitzii and insulin resistance (homeostasis model assessment). Those data indicate F. prausnitzii as a potential microbial target that could help control glucose homeostasis in the context of type 2 diabetes and obesity. The metabolomic analysis also shows the relationship between the gut microbiota and the diabetic status. Individuals with impaired glucose tolerance exhibit a decrease in serum and urinary level of gut microbiota-related metabolites [48] .
The Gut Microbiota: A Novel Target in the Nutritional Control of Diabetes and Insulin Resistance
Several nondigestible/fermentable oligosaccharides exhibit prebiotic properties, namely because they change the composition and/or the activity of the gut microbiota and thereby exert beneficial effects for the host [49] . In obese animals, the dietary supplementation with inulin-type fructans boosts the number of bifidobacteria in the cecum, as well as the production of hormones secreted by host gut endocrine L cells, including peptide YY and glucagon-like peptide (GLP-1 and GLP-2) [13, 24, 50, 51] . The production of GLP-1 is namely responsible for the improvement of hepatic insulin resistance and steatosis, for the decrease in blood glucose, and for the maintenance of satiety level in obese mice or rats [50] . Recent data suggest that GPR43 (FFAR2) activation by the SCFAs released upon fructans fermentation could participate in the higher GLP-1 release in the colon of rats treated with fructo-oligosaccharides for 4 weeks [52] . The increase in GLP-2, together with the modulation of the endocannabinoid response in the gut, participates in the restoration of the gut barrier function and thereby lessens endotoxemia [24, 25•] . Interestingly, prebiotics treatment is able to decrease interleukin-18 and interleukin-1β serum level in genetic obese mice (ob/ob) and in high-fat-fed mice [24] , those two cytokines being considered as gut microbialrelated immunologic factors that drive obesity [12••] .
The modulation of gut peptides by fructans-type prebiotics has been shown in intervention studies in healthy individuals. An increase in postprandial GLP-1, peptide YY, and gastric inhibitory peptide correlates with a decreased glycemic response, and a decrease in energy intake in healthy individuals supplemented with inulin-type fructans for 2 weeks [51] . A reduced ghrelin level and an increased plasma GLP-1 occurs after a single dose of inulin given in a high fructose corn syrup [53] . Treating obese or diabetic individuals with prebiotics has been tried in a limited number of studies. A partial body weight loss was observed in intervention studies with prebiotics in overweight or obese individuals. Interestingly, some of them showed a decrease in postprandial glycemia and a modulation of the serum level of gut peptides controlling appetite [54] [55] [56] .
Only a few papers have been published that report the influence of the prebiotic approach on glucose homeostasis in diabetic individuals. In type 2 diabetic patients, no significant modification of glucose homeostasis (plasma glucose level, hepatic glucose production) occurred in prebiotics-treated patients [57] . In a similar study conducted in hypercholesterolemic patients, prebiotics (inulin-type fructans) treatment reduced the postprandial insulin response, but the clinical relevance of this effect remained unclear [58] . Interestingly, some data suggest that wheat fiber intake promotes the colonic fermentation and increases mean plasma GLP-1 in hyperinsulinemic patients, but the observation of this effect requires several months [59] . There is a crucial need for intervention studies that would relate the changes in the gut microbiota composition with the potential improvement of the metabolic disorders in a key target population, namely in diabetic or glucoseintolerant patients.
Conclusion and Perspectives
Experimental data in animals, but also the analysis of the gut microbiota composition, reveal that specific changes in bacteria (decrease in bifidobacteria, decrease in F. prausnitzii, increase in S. aureus) could be linked to the occurrence of inflammation and diabetes in obese humans. The gut microbiota is so complex that it is unrealistic to point out a specific type of bacteria that would be exclusively associated with type 2 diabetes. However, nutritional modulation of the gut microbiota leads to changes in endogenous host targets, which have been considered important for drug development in controlling insulin resistance. For example, food components with prebiotic properties are able to promote the endogenous release of peptides, which are nowadays molecules of drug development for controlling obesity and diabetes, such as glucagon-like peptides. Therefore, the consideration of the gut microbiota as a novel partner in the control of metabolic disorders including insulin resistance requires basic research devoted to elucidate the mediators of the host microbe's dialogue. Adequate nutritional/pharmacologic intervention studies dedicated to addressing the link between modulation of the gut microbiota composition or activity and health improvement in glucose-intolerant or diabetic patients are needed to point out the key (metabolic functions of) gut microbes to promote in the management of obesity and diabetes.
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